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isolation  of  kinase  on  calmodulin  affinity  resin,  7)  kinetic  parameters,  8) 
phoephoaadno  acid  phosphorylation  sites  on  tubulin,  and,  9)  phosphopeptide  mapping. 
Endogenous  cold  stable  calmodulin-dependent  kinase  activity  was  isolated  from  the 
microtubule  fraction  by  calmodulin  affinity  resin  column  chromatography  and 
specifically  eluded  with  EGTA.  This  kinase  fraction  contained  the  calmodulin  binding 
protein  and  autophosphorylating  subunits  of  CaM  Kinase  II. 

A 

These  results  indicated  that  calmodul in-dependent  kinase  is  a  major  calmodulin  binding 
enzyme  system  in  cold  stable  microtubule  fractions  and  suggested  that  it  may  play  a 
role  in  mediating  some  of  the  effects  of  calcium  on  microtubule  and  cytoskeletal 
dynamics.  Further  stud/  of  the  calmodul  in-dependent  kinase  in  microtubule 
preparations  revealed  that  it  was  possible  to  separate  an  endogenous  Calmodulin 
microtubule  associated  protein  II  conplex  from  this  fraction.  We  demonstrated  that  an 
endogenous  calmodulin-dependent  kinase  that  phosphorylates  Map  2  as  a  major  substrate 
is  also  present  in  microtubules  prepared  under  conditions  that  preserve  the  kinase. 

A  fraction  containing  the  calmodul  in-dependent  kinase  and  map  2  was  separated  from  the 
cyclic  AMP-dependent  kinase  map  2  complex  by  gel  filtration  chromatography  of 
microtubule  protein  in  high  ionic  strength  buffer.  These  data  demonstrate  that  both 
cyclic  AMP  and  calmodulin  kinase  are  present  in  microtubule  preparations  and  that  the  . 
may  differentially  regulate  map  2  function  by  phosphorylating  map  2  on  two  distinct 
sites.  Subsequent  studies  revealed  by  peptide  mapping  that  Calmodulin  Kinase  II 
phosphorylates  map  2  on  distinct  peptide  regions  from  the  cyclic  AMP-dependent  kinase. 
These  results  provide  direct  evidence  that  these  two  kinases  may  alter  map  2  function 
by  phosphorylating  different  domains  of  the  protein. 

Hydrazine  is  a  major  component  of  rocket  fuel  and  other  industrial  products. 

Hydrazine  can  cause  acute  neurological  injury  by  producing  seizures  and  alterations  in 
neuronal  excitability.  There  is  also  evidence,  however,  that  hydrazine  produces 
delayed  effects  on  the  nervous  system  producing  peripheral  neuropathy  and  delayed 
neurotoxicity.  There  is  a  suggestion  that  hydrazine  may  effect  the  nervous  system  by 
altering  the  neuronal  cytoskeleton.  Experiments  in  this  study  demonstrated  that 
hydrazine  in  high  toxic  levels  can  activate  CaM  Kinase  II  activity.  This  increased 
activity  of  CaM  Kinase  II  would  be  expected  to  depolymerize  the  microtubules  based  on 
our  basic  research  of  the  effects  of  this  enzyme  on  microtubule  function.  Thus,  these 
results  may  provide  a  molecular  insight  into  how  hydrazine  may  destabilize  the 
cytoskeletal  network  in  a  neuron.  Although  it  is  not  possible  at  this  time  to  prove 
that  this  is  the  cause  of  hydrazine  toxicity  to  the  peripheral  nervous  system,  it  is 
an  attractive  model. 

Experiments  are  now  being  designed  to  determine  a  more  direct  correlation  between  the 
effects  of  hydrazine  on  cytoskeletal  dynamics  and  its  long-term  toxicity  on  peripheral 
nerves.  The  ultimate  goal  of  these  studies  would  be  to  develop  an  understanding  of 
this  neuronal  toxicity  and  to  develop  mechanisms  to  block  its  effect 
pharmacological ly .  We  have  specific  pharmacological  agents  that  inhibit  CaM  Kinase  II 
activity.  These  drugs  cam  prevent  the  effect  of  hydrazine  on  CaM  Kinase  II  in  the 
test  tube.  If  these  ccupounds  could  block  the  effects  of  this  toxin  on  intact 
neurons,  it  is  possible  that  it  may  prevent  seme  of  the  toxic  long-term  effects  of 
hydrazine  on  the  nervous  system.  Further  studies  may  provide  inportant  clinical 
insights  into  the  use  of  these  compounds  in  blocking  delayed  hydrazine  toxicity. 
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Final  Report:  MCV  AFOSR  Grant 
Period:  7/85  -  2/87 

!  THE  EFFECTS  OF  HYDRAZINE  AND  RELATED  COMPOUNDS  ON 


CALCIUM-CALMODULIN  REGULATED  NEURONAL  PROCESSES 


The  goals  of  this  project  were  to  develop  an  experimental  system  to  study  the  role  of 
calmodulin-dependent  protein  kinase  activity  in  cytoskeletal  preparations  and  determine  the 
effects  of  hydrazines  on  cytoskeletal  kinase  activity  and  microtubule  polymerization.  During 
the  year  and  a  half  spent  on  this  grant  project,  we  made  considerable  progress  in 
accomplishing  our  objectives. 

The  laboratory: 

1)  Prepared  CaM  Kinase  II  for  study. 

2)  Identified  Calmodulin  Binding  Proteins  In  microtubule  preparations. 

3)  Isolated  a  CaM  Kinase  II  -  tubular  complex. 

4)  Demonstrated  that  CaM  Kinase  II  is  associated  with  microtubules. 

5)  Characterized  the  effects  of  hydrazines  on  CaM  Kinase  II. 

6)  Studifd  the  effects  of  CaM  Kinase  II  on  microtubule 
polymerization. 

7)  Correlated  the  effects  of  hydrazine  on  CaM  Kinase  II  and  microtubule 
polymerization. 

8)  Investigated  the  effects  of  pharmacological  agents  on  modulating  the  effects  of 
hydrazine  on  CaM  Kinase  II. 
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The  details  of  these  experiments  are  presented  below.  These  studies  are  currently  being 
extended  to  investigate  the  effects  of  hydrazine  on  isolated  membrane  currents. 


\ 


t 

* 

f 

f 


I 


» 

r 


1.  CaM  KINASE  II  PURtFICATlON  AND  CHARACTERIZATION 

The  purification  to  apparent  homogeneity  and  characterization  of  a  brain  cytosolic 
calcium-calmodulin  dependent  kinase  which  phophorylates  tubulin  and  microtubule  associated 
proteins  as  major  substrates  has  now  been  established.  The  cytosolic  kinase  system,  purified 
by  sequential  chromatography  on  phosphocellulose  resin,  calmodulin-affinity  resin,  and 
Fractogel  TSK  HW-55,  chromatographs  as  a  homogeneous  complex  of  approximately  600,000 
daltons  on  Sephacryl  S-300.  This  tubulin-associated  calmodulin  dependent  kinase  possesses  a 
characteristic  group  of  properties.  CaM  Kinase  II  contains  two  calmodulin  binding  doublets, 
rho  (52,000  daltons)  and  sigma  (63,000  daltons),  with  isoelectric  points  between  6.7  and  7.2. 

The  rho  and  sigma  subunits  demonstrate  autophosphorylation  and  show  significant  homologies 
as  assessed  by  tryptic  peptide  fingerprints.  CaM  Kinase  II  phosphorylates  beta-tubulin  equally 
on  threonine  and  serine  residues.  Substrate  specificity,  calmodulin  binding  properties,  subunit 
composition,  and  subunit  isoelectric  points  dearly  differentiate  CaM  Kinase  II  from  other 
previously  reported  kinases.  These  publications  present  the  details  of  our  studies  on  that 
kinase  system.  We  employed  these  specific  molecular  parameters  to  study  CaM  Kinase  II  in 
microtubule  -  tubulin  systems. 

2.  IDENTIFICATION  OF  CALMODULIN-BINDING  PROTEINS  IN  MICROT1JBITI.F 
PREPARATIONS  AS  SUBUNITS  OF  A  CALMODULIN-DEPENDENT  PROTEIN  KINASE 
Research  in  this  grant  project  demonstrated  that  microtubule  fractions  prepared  in 

vitro  contain  two  major  detectable  calmodulin- binding  proteins.  These  proteins  have  been 
characterized  and  shown  by  several  criteria  to  be  identical  to  a  purified  calcium-calmodulin- 
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dependent  protein  kinase  which  phosphorylated  tubulin  and  microtubule-associated  proteins  as 
major  substrates.  These  results  indicate  that  CaM  Kinase  II  is  a  major  calmodulin-binding 
target  enzyme  in  microtubule  preparations  and  suggest  that  activation  of  this  kinase  system 
may  mediate  some  of  the  effects  of  calcium -calmodulin  on  microtubule  and  cytoskeletal 
dynamics. 


a.  Calmodulin-Binding  Proteins  in  Microtubule  Preparations 

Calmodulin-binding  proteins  in  thrice  cycled  microtubule  preparations  were  visualized 
using  the  technique  of  Carlin,  et  ai.  Figure  1A  demonstrates  that  only  two  calmodulin-binding 
proteins  were  observed  with  apparent  molecular  weights  of  52,000  and  63,000  daltons. 

Addition  of  2  mM  EGTA  or  excess  unlabelled  calmodulin  abolished  all  detectable  calmodulin¬ 
binding.  Extended  exposure  of  the  calmodulin-binding  gels  to  x-ray  film  for  up  to  3  months 
did  not  reveal  any  other  higher  or  lower  molecular  weight  |125I|-calmoduIin-binding  bands. 
Resolution  of  microtubule  protein  on  two-dimensional  isoelectric  focusing/SDS-PAGE  gels 
demonstrated  that  the  two  calmodulin-binding  proteins  possessed  similar  isoelectric  points  near 
neutrality  (Figure  1A).  In  order  to  demonstrate  the  presence  of  calmodulin- binding  proteins 
associated  with  microtubule  fractions  under  non-denaturing  conditions,  microtubule  proteins 
were  chromatographed  on  calmodulin  affinity  resin  (Figure  2).  While  most  of  the  protein 
passed  through  the  column  into  the  void  volume  and  the  500  mM  salt  wash,  a  protein  peak 
representing  less  than  2.5%  of  the  original  protein  was  eluted  from  the  column  specifically 
with  chelator.  This  fraction  isolated  from  microtubule  preparations  by  calmodulin  affinity 
chromatography  contained  only  two  calmodulin-binding  bands  of  52,000  and  63,000  daltons  as 
described  in  Figure  1. 
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b.  Identification  g£  CaM  Kinase  II  li  i  Malor  Calmodulin-Binding  Enzyme  System  in 
Microtubule  FttSttons 

Since  our  work  showed  that  calcium -calmodulin  kinase  activity  is  present  in 
microtubule  preparations,  we  investigated  the  possibility  that  the  calmodulin-dependent  kinase 
activity  in  microtubule  preparations  represented  the  calmodulin-binding  proteins  in  this 
fraction.  Figure  3  demonstrates  that  endogenous  calmodulin-dependent  phosphorylation  of 
microtubule  protein  was  observed  in  microtubule  fractions  containing  the  two  calmodulin¬ 
binding  proteins.  This  endogenous  kinase  activity  phosphoryiated  microtubule  fraction  proteins 
with  molecular  weights  of  SO, 000,  60,000,  80,000  and  250,000  daltons  as  well  as  several  other 
minor  phosphoproteins.  Phosphorylation  of  the  two  calmodulin-binding  bands  and  tubulin 
represented  the  endogenous  phosphorylation  seen  in  the  50,000  and  60,000  dalton  region  when 
analyzed  by  two-dimensional  gel  electrophoresis  (Figure  4).  The  fraction  adhering  to  the 
calmodulin  affinity  column  isolated  from  microtubules  (Figure  2)  and  containing  the  two  major 
calmodulin-binding  proteins  was  evaluated  for  calmodulin  kinase  activity.  This  calmodulin 
column  fraction  contained  calcium-calmodulin-dependent  kinase  activity,  phosphorylating  tubulin 
and  MAP-2  as  major  substrates.  The  calmodulin-binding  bands  in  this  fraction  also 
demonstrated  calcium-calmodulin  stimulated  autophosphorylation  when  incubated  without  added 
substrates. 

Tubulin  can  be  separated  from  microtubule  associated  proteins  by  chromatography  of 

a  * 

microtubule  protein  on  phosphocellulose  resin.  No  calmodulin-binding  proteins  or  calmodulin- 
dependent  kinase  activity  was  observed  in  association  with  tubulin  prepared  after 
phosphocellulose  chromatography  (Figure  3).  These  data  demonstrated  that  alpha  and  beta 
tubulin  did  not  account  for  the  calmodulin-binding  proteins  and  calmodulin  kinase  acti  vity 
associated  with  microtubule  preparations.  However,  both  the  calmodulin  kinase  activity  and 
calmodulin-binding  proteins  adhered  to  the  phosphocellulose  resin  along  with  MAP-2  and  tau 
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proteins.  Thus,  the  kinase  activity  and  the  calmodulin -binding  proteins  could  be  removed  from 
microtubule  fractions  along  with  the  other  microtubule  associated  proteins  by  phosphocellulose 
resin  chromatography. 

These  results  indicated  that  the  two  major  calmodulin-binding  proteins  in  microtubule 
fractions  may  represent  the  subunits  of  a  calmodulin  kinase  and  suggested  that  this  kinase 
might  be  identical  to  a  previously  purified  and  well  characterized  calmodulin-dependent  kinase 
which  phosphorylates  tubulin  and  microtubule-associated  protein  2  (MAP-2)  as  major  substrates 
(CaM  Kinase  II).  Thus,  we  could  determine  by  several  structural  and  functional  criteria  if  the 
two  calmodulin-binding  proteins  in  microtubule  fractions  represented  the  subunits  of  CaM 
Kinase  II.  The  purified  calmodulin-dependent  kinase  is  composed  of  two  calmodulin-binding 
subunits,  designated  rho  and  sigma,  which  like  the  calmodulin-binding  proteins  in  microtubule 
preparations  have  molecular  weights  of  52,000  and  63,000  daltons,  respectively,  and  isoelectric 
points  near  neutrality  (Figure  IB).  The  calmodulin-binding  proteins  in  microtubule 
preparations  comigrated  with  the  rho  and  sigma  subunits  of  this  calmodulin-dependent  kinase 
on  both  one-dimensional  and  two-dimensional  gels  (Figure  1C). 

When  endogenous  calcium-calmodulin-dependent  microtubule  protein  phosphorylation  was 

resolved  in  two-dimensional  gel  electrophoresis  (Figure  4),  phosphorylation  of  alpha  and  beta 

tubulin,  MAP-2  and  two  proteins  focusing  near  neutrality  with  molecular  weights  of  52,000  and 

63,000  daltons  was  observed.  These  latter  two  phosphoproteins  comigrated  with  both  the 

« * 

calmodulin-binding  proteins  in  microtubule  preparations  and  the  autopbosphorylating  subunits 
of  purified  calmodulin-dependent  kinase  (Figure  4B,  C).  In  order  to  further  compare  these 
comigrating  phosphoproteins  in  microtubule  fractions  with  the  autophosphorylating  rho  and 
sigma  kinase  subunits,  the  phosphoprotein  spots  from  both  purified  calmodulin-dependent 
kinase  and  microtubule  fractions  were  excised  from  two-dimensional  gels,  digested  to 
completion  with  trypsin  and  tryptic  phosphopeptides  were  resolved  on  two-dimensional  thin- 
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layer  electrophoresis/chromatography.  The  autophosphorylated  rho  (Figure  5A)  and  sigma 
(Figure  5B)  subunits  of  purified  calmodulin  kinase  display  distinct  phosphopeptide  maps,  the 
comigrating  phosphoproteins  observed  in  microtubule  preparations  (Figure  5C,  D)  demonstrated 
identical  phosphopeptide  patterns  by  comigration  analysis  (Figure  5E,  F). 

A  number  of  parameters  for  calmodulin-dependent  phosphorylation  in  microtubule 
preparations  also  demonstrated  that  the  endogenous  MT  kinase  functioned  identically  to  the 
purified  calmodulin-dependent  kinase.  As  is  the  case  with  purified  kinase,  MAP-2  was  a  better 
substrate  for  calmodulin-dependent  phosphorylation  that  tubulin.  Also  as  with  the  previously 
reported  values  for  purified  kinase,  the  concentrations  of  calmodulin  and  ATP  required  to 
produce  half-maximal  activation  of  microtubule-associated  calmodulin-dependent  tubulin  kinase 
were  50  nM  and  7  uM,  respectively.  Finally,  the  purified  calmodulin-dependent  kinase 
demonstrates  a  characteristic  pattern  for  phosphoamino  acid  phosphorylation  on  alpha  and  beta 
tubulin.  As  in  the  case  of  the  purified  kinase  calmodulin-dependent  phosphorylation  in 
microtubule  preparations  on  alpha  tubulin  occurred  only  on  serine  residues,  while 
phosphorylation  on  beta  tubulin  occurred  60%  on  threonine  and  40%  on  serine  residues.  Thus, 
by  a  number  of  functional  criteria,  the  calmodulin-dependent  kinase  activity  associated  with 
microtubule  preparations  was  identical  to  the  purified  calmodulin  kinase.  All  of  the  data 
above  indicated  that  the  calmodulin-dependent  kinase  associated  with  microtubule  preparations 
is  CaM  Kinase  II. 

« * 

These  results  identify  two  specific  calmodulin-binding  proteins  associate  with  microtubule 
preparations  and  demonstrated  that  these  calmodulin-binding  proteins  are  the  subunits  of  a 
calmodulin-dependent  protein  kinase  system.  While  it  is  possible  that  other  minor  calmodulin- 
binding  proteins  may  exist  or  might  not  be  detectable  by  the  techniques  employed,  any 
undetected  calmodulin-binding  proteins  are  likely  to  be  minor  components,  thus,  the  subunits 
of  calmodulin-dependent  kinase  are  the  major  calmodulin-binding  proteins  associated  with 
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microtubules  and  are  likely  candidates  mediating  some  of  the  well -documented  effects  of 
calcium/calmodulin  on  microtubules.  The  data  suggest  and  important  role  for  CaM  Kinase  II  in 
the  regulation  of  microtubule  and  cytoskeletal  dynamics. 


3.  ASSOCIATION  OF  CaM  KINASE  II  WITH  TUBULIN 

The  isolation  from  brain  cytosol  of  a  complex  containing  alpha  and  beta-tubulin  and 
the  CaM  Kinase  II  subunits  was  undertaken,  demonstrating  the  association  of  a  calmodulin 
dependent  kinase  with  its  endogenous  substrate.  Much  of  this  work  is  now  accepted  for 
publication  (Appendix). 

Tubulin-CaM  Kinase  Complex 

Rat  brain  cytosol  was  chromatographed  on  DEAE-celluIose  and  was  eluted  with  160 
mM  NaCi  and  500  mM  NaCI.  All  of  the  cytosolic  tubulin,  and  significant  calcium-calmodulin 
tubulin  kinase  activity  was  recovered  in  the  500  mM  NaCi  fraction.  DEAE  isolated  tubulin 
kinase  activity  was  chromatographed  on  a  Sephacryl  S-300  column  and  all  of  the  tubulin 
kinase  activity  eluted  as  a  single  high  molecular  weight  peak  (Figure  6).  Rechromatography  of 
this  peak  on  either  Fractogel  TSK  HW-65  or  Sephacryl  S-300  yielded  only  a  single  high 
molecular  weight  peak,  demonstrating  the  integrity  of  the  complex.  The  protein  staining 
pattern  revealed  both  tubulin  and  also  the  CaM  Kinase  II  subunits.  The  Fractogel-isoiated 
complex  demonstrated  calcium-calmodulin  dependent  tubulin  kinase  activity  and  phosphorylation 
of  proteins  with  molecular  weights  and  pi’s  identical  to  the  rbo  and  sigma  subunits  of  CaM 
Kinase  II.  As  with  the  CaM  Kinase  II  enzyme,  the  tubulin-enzyme  complex  phosphorylated 
beta-tubulin  equally  on  both  serine  and  threonine  residues. 

In  the  presence  of  chelator  and  200  mM  NaCi,  the  CaM  Kinase-like  kinase  could  be 
disassociated  from  tubulin.  Passage  over  DEAE-cellulose  then  yielded  kinase  activity  in  the 
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void  volume  while  tubulin  adhered  to  the  resin.  The  kinase  activity  that  passed  through  the 
column  adhered  to  calmodulin  affinity  resin.  The  kinase  that  eluted  from  the  resin  with 
chelator  contained  two  peptide  species  of  52,000  and  63,000  daltons  which  were  identical  to 
the  rho  and  sigma  subunits  of  CaM  Kinase  II  based  on  2-dimensional  tryptic  peptide  mapping. 
The  results  suggest  a  tight  association  between  CaM  Kinase  II  and  tubulin  in  brain  cytoplasm. 

4.  ASSOCIATION  OF  CaM  KINASE  II  WITH  MICROTUBULE  PREPARATIONS  AND 
ELECTRONMICROSCOPIC  ANTIBODY  LOCALIZATION  OF  CaM  KINASE  II  ON 
MICROTUBULES 

Experiments  in  this  research  project  studied  the  role  of  the  tubuiin-CaM  Kinase  II 
complex  in  MT  polymerization.  Microtubules  polymerized  by  multiple  cycles  from  the  purified 
tubulin-CaM  Kinase  II  complex  manifested  endogenous  CaM  Kinase  II  activity,  indicating  that 
CaM  Kinase  II  is  "truly"  a  microtubule  associated  protein.  This  result  has  been  further 
confirmed  by  CaM  Kinase  II  antibody  studies  on  these  preparations  (Figure  7).  Employing 
monoclonal  antibodies  to  MAP-2,  we  have  developed  the  ability  to  obtain  high  resolution  EM 
antibody  localization  on  negatively  stained  grids  using  colloidal  gold-STAPH-A  as  an 
electrondense  marker  (Figure  7).  Figure  7  demonstrates  the  binding  of  MAP-2  antibody  to  MT 
associated  proteins  (Figure  7B).  The  characteristic  binding  of  polyclonal  CaM  Kinase  II 
antibody  to  MT  is  also  shown  (Figure  7C).  CaM  Kinase  II  antibody  was  found  to  selectively 
decorate  microtubules  (Figure  7D).  Furthermore,  MT  made  from  isolated  tubulin  devoid  of 
CaM  Kinase  II,  did  not  decorate  with  the  CaM  Kinase  II  antibody  (Figure  7F).  These 
preliminary  results  indicate  that  CaM  Kinase  II  is  associated  with  MAP-2  on  MT  sidearms, 
since  the  MAP-2  and  CaM  Kinase  II  antibody  had  similar  localization  patterns.  Tau  protein 
preparations  also  showed  binding  to  the  CaM  Kinase  II  antibody  and  tau  proteins  could  be 
immunoprecipitated  with  this  antibody.  The  functional  status  of  this  kinase  was  further 
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investigated  by  comparison  with  the  microtubule  associated  tau  proteins  which  bind  calmodulin. 
Our  preliminary  results  indicate  that  the  tau  protein  was  homologous  with  the  rbo  subunit  of 
CaM  Kinase  II  by  peptide  mapping.  Thus,  CaM  Kinase  II  may  represent  an  intrinsic  calcium- 
calmodulin  dependent  regulatory  system  in  the  tau  complex. 

The  distribution  of  CaM  Kinase  II  with  MTs  was  also  investigated.  MTs  were  prepared 
by  three  cycles  of  polymerization-depolymerization  and  studied  for  calcium-calmodulin  kinase 
activity.  We  found  that  this  MT  fraction  contained  significant  calmodulin  kinase  activity  for 
tubulin  and  MAP-2  and  also  contained  the  two  major  calmodulin  binding  peptides  described 
above.  Preparation  of  tau  proteins  from  this  MT  fraction  also  contained  calmodulin  kinase 
activity.  Initial  comparisons  between  CaM  Kinase  II  and  tau  proteins  indicate  that  they  may 
be  homologous  proteins.  Antibodies  to  tau  obtained  from  Dr.  N.  Kirshner  have  also  been 
found  to  react  with  CaM  Kinase  II  in  preliminary  studies.  Experiments  will  be  initiated  in 
this  proposal  to  isolate  CaM  Kinase  II  and  tau,  and  to  carefully  compare  these  preparations 
both  structurally  and  functionally.  Our  preliminary  results  suggest  that  some  of  the  tau 
proteins  may  represent  a  calmodulin  kinase  system  associated  with  tubulin  and  MT 
preparations. 


Recent  studies  in  this  grant  period  have  demonstrated  that  CaM  Kinase  II 


phosphorylated  tubulin  and  MAP-2  on  specific  sites,  distinct  from  the  sites  of  phosphorylation 
of  these  proteins  by  cyclic  AMP  kinases  or  other  calcium-calmodulin  kinases.  Employing 
peptide  mapping  techniques  and  amino  acid  analysis  of  isolated  peptides,  we  are  now  able  to 
identify  specific  amino  acid  phosphorylation  sited  on  tubulin  and  MAP-2  as  "specific  signatures 
of  Cam  Kinase  II  phosphorylation."  These  results  will  provide  a  powerful  tool  to  investigate 
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the  Ig.  vivo  phosphorylation  of  tubulin  and  MAP- 2  by  CaM  Kinase  II  in  the  intact  synaptosome 
and  neuronal  culture  systems  described  in  this  proposal. 

6.  CHARACTERIZED  THE  EFFECTS  OF  HYDRAZINE  ON  CaM  KINASE  II 
Studies  in  this  research  effort  have  demonstrated  that  hydrazine  alters  the 
endogenous  calcium  stimulated  phosphorylation  of  specific  proteins  in  brain  membrane.  These 
results  extended  the  studies  in  our  previous  grant  that  looked  at  whole  brain  homogenate 
phosphorylation.  The  effective  amounts  of  protein  substrates  and  concentrations  of  ATP  were 
also  determined.  Optimal  conditions  were  obtained  for  the  substrates  and  a  number  of 
experiments  were  initiated  to  further  characterize  the  effects  of  hydrazine  on  protein 
phosphorylation.  Hydrazine  inhibited  calcium  calmodulin  dependent  protein  phosphorylation. 

The  effects  of  hydrazine  on  protein  phosphorylation  were  studied  over  a  wide  range  of 
hydrazine  concentrations.  As  described  in  our  previous  experiments,  hydrazine  concentrations 
from  1  x  10'3  to  5  x  10"^  produced  inhibition  of  membrane  calcium  calmodulin  dependent 
protein  phosphorylation.  The  half  maximal  concentration  for  inhibit  was  1  x  10*^  molar. 

In  addition  to  inhibit  of  calmodulin  dependent  membrane  phosphorylation,  hydrazine  also 

produced  a  stimulatory  effect  on  membrane  phosphorylation  at  lower  concentrations. 

Hydrazine  concentrations  between  5  x  10~3  and  8  x  10‘4  had  a  stimulatory  effect  on  membrane 

calmodulin  kinase  activity.  The  maximal  stimulatory  effect  was  found  at  4  x  10~4  molar.  This 

« * 

stimulation  accounted  for  a  maximal  increase  of  enzyme  activity  of  approximately  50%. 

In  addition  to  these  baseline  studies,  the  effects  of  hydrazine  on  protein  phosphorylation 
were  studied  over  a  wide  range  of  pH.  Hydrazine  in  inhibitory  concentrations  did  not  alter 
the  pH  optimum  of  the  enzyme.  In  the  excitatory  kinase  range,  hydrazine  also  did  not  alter 
enzyme  pH  optimums.  The  time  course  of  phosphorylation  of  specific  membrane  proteins  was 
observed  in  the  presence  and  absence  of  hydrazine.  Hydrazine  only  effected  the  early  phase 
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of  kinase  activation.  No  effect  on  long  term  phosphorylation  was  noted.  In  addition,  we 
studied  the  effect  of  hydrazine  on  kinase  activity  in  the  presence  of  added  1  mM  cold  ATP. 
These  conditions  essentially  block  kinase  activity  and  allow  phosphatase  activity  to  be 
quantitated.  Hydrazine  had  no  significant  effect  on  phosphatase  activity.  In  addition,  in  the 
presence  of  zinc,  phosphatase  activity  was  90%  inhibited  and  kinase  was  active.  Under  these 
conditions,  we  saw  a  clear  inhibition  of  kinase  activity  by  hydrazine.  These  results  indicate 
that  the  inhibitory  effect  of  hydrazine  was  directly  on  the  calmodulin  dependent  kinase. 

The  inhibitory  effects  of  hydrazine  were  compared  to  those  effects  of  phenytoin  on  brain 
protein  phosphorylation  in  membrane.  Hydrazine  inhibited  calcium  stimulated  protein 
phosphorylation  in  the  same  manner  as  phenytoin.  These  results  suggest  that  this  drug,  like 
phenytoin,  may  inhibit  the  effects  of  calmodulin  in  mediating  calcium  stimulated  protein 
phosphorylation.  At  lower  concentrations  of  hydrazine,  the  stimulatory  effect  on  the  kinase 
was  also  further  studied.  It  appeared  that  this  was  a  direct  effect  on  the  kinase  and  not  an 
inhibition  of  phosphatase  activity. 

These  studies  indicate  that  the  endogenous  calcium  calmodulin  membrane  kinase  system 

can  both  be  activated  and  inhibited  by  hydrazine  at  different  concentrations.  Very  toxic 

concentrations  of  hydrazine  can  cause  inhibition  of  this  endogenous  enzyme  activity. 

However,  at  lower  toxic  concentrations  the  kinase  can  be  activated  and  could  account  for 

stimulatory  effects  on  the  nervous  system  by  exacerbating  the  calcium  second  messenger 

«  * 

signal.  Further  studies  are  needed  with  more  purified  kinase. 

7.  EFFECTS  OF  HYDRAZINE  ON  CaM  KINASE  II  ACTIVITY 

The  effects  of  hydrazine  were  tested  on  purified  CaM  Kinase  II  autophosphorylation  and 
phosphorylation  of  synapsin  I  and  microtubule  associated  protein  two  substrates.  Hydrazine 
inhibited  endogenous  CaM  Kinase  II  autophosphorylation  and  MAP-2  and  Synapsin  1 
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phosphorylation  in  high  concentrations.  Half  maximal  inhibition  of  CaM  Kinase  II  activity  was 
found  at  approximately  1  x  10”2  molar.  CaM  Kinase  II  activity  could  be  totally  Inhibited  at  9 
x  10-2  molar. 

At  lower  hydrazine  concentrations  we  did  not  observe  CaM  Kinase  II  stimulation  with 
lower  concentrations  of  hydrazine.  These  results  suggested  that  the  effect  of  hydrazine  in 
stimulating  CaM  kinase  activity  in  the  membrane  may  have  been  related  to  the  hydrophobic 
effects  of  this  compound  on  membrane  fluidity.  It  is  possible  that  this  could  have  effected 
kinase  accessibility  to  calmodulin  or  ATP  and  therefore  cause  excitation  at  lower 
concentrations.  However,  with  the  purified  enzyme  we  did  not  see  a  direct  stimulatory  effect 
on  the  kinase  with  hydrazines. 

8.  STUDY  THE  EFFECTS  OF  CaM  KINASE  II  ON  MICROTUBULE  POLYMERIZATION 

Studies  In  this  research  period  have  shown  that  CaM  Kinase  II  co-purifies  with 
microtubules  and  neurofilaments.  The  results  of  these  studies  have  been  published  and  are 
included  in  our  publication  list.  This  work  was  very  important  in  establishing  the  role  of 
calcium  in  cytoskeletal  function.  Our  results  indicate  that  CaM  Kinase  II  is  a  microtubule 
associated  protein  in  cold-stable  microtubules  and  neurofilaments.  This  kinase  could  be 
activated  by  calcium  and  calmodulin  in  the  microtubule  and  neurofilament  preparations.  These 
results  are  presented  above  in  more  detail  in  the  actual  studies  that  were  done.  At  this  point 

a  * 

we  wanted  to  determine  if  endogenous  CaM  Kinase  II  associated  with  cold  stable  microtubules 
could  effect  microtubule  polymerization.  These  studies  were  initiated  in  this  grant  and 
provided  important  information  on  how  calcium  may  regulate  cytoskeletal  function. 

Cold  stable  microtubules  that  contained  endogenous  CaM  Kinase  II  activity  were 
incubated  in  the  presence  of  calcium  and  calmodulin.  In  these  preparations,  calcium  and 
calmodulin  had  a  very  potent  effect,  causing  depolymerization  of  the  microtubule  structure. 
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The  concentrations  of  calcium  and  calmodulin  that  achieved  this  depolymerization  were  in  the 
physiological  range.  The  half  maximal  concentration  of  calcium  was  approximately  10  uM  and 
calmodulin  levels  were  also  in  the  micromolar  range.  These  results  indicate  that  physiological 
calcium  and  calmodulin  levels  can  depolymerize  microtubules  under  conditions  where  they 
would  activate  calmodulin  kinase  activity.  These  studies  strongly  suggest  that  calcium  and 
calmodulin  depolymerize  microtubules  through  activation  of  Calmodulin  Kinase  II.  However,  we 
cannot  rule  out  from  these  studies  that  there  were  other  endogenous  calcium  binding  proteins 
associated  with  the  microtubules.  To  test  this  possibility,  we  used  more  purified  microtubule 
components  to  study  the  effect  of  CaM  Kinase  II  on  microtubule  polymerization. 

Highly  purified  tubulin  devoid  of  microtubule  associated  proteins  and  CaM  Kinase  II  was 

prepared.  This  tubulin  would  not  easily  polymerize  under  standard  conditions  in  the  absence 

of  MAP  2  or  other  microtubule  associated  proteins.  We  were  able  to  prepare  a  MAP  2-CaM 

Kinase  II  complex  that  was  added  to  the  purified,  highly  enriched  tubulin  fraction.  This  MAP 

2-CaM  Kinase  complex  was  able  to  support  polymerization  of  tubulin  into  microtubules.  Thus, 

these  microtubules  contained  primarily  tubulin  and  highly  enriched  CaM  Kinase  II  and  MAP  2. 

No  other  calmodulin  binding  proteins  were  detected  by  multiple  procedures.  These 

microtubules  were  not  depolymerized  by  micromolar  concentrations  of  calcium  alone.  In  the 

presence  of  physiological  calcium  and  calmodulin  concentrations,  these  microtubules  did 

depolymerize. 

« * 

These  results  strongly  indicate  that  calcium  and  calmodulin  are  acting  by  activation  of 
CaM  Kinase  II.  Preliminary  experiments  with  microtubules  that  were  polymerized  with  MAP  2 
and  tubulin  but  lacking  CaM  Kinase  II  showed  that  these  microtubules  were  resistant  to 
physiological  calcium  and  calmodulin  concentrations.  These  microtubules  only  depolymerized  at 
concentrations  of  calcium  in  the  miliimolar  range. 
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The  microtubule  experiments  presented  above  were  carried  out  in  the  presence  or  absence 
of  hydrazine.  In  millimolar  concentrations  of  hydrazine,  we  could  successfully  block  CaM 
Kinase  II  activation  in  microtubule  preparations.  Under  these  conditions,  calcium  and 
calmodulin  did  not  actively  depolymerize  microtubules.  Thus  hydrazine  prevented  microtubule 
depolymerization  under  these  conditions.  These  results  indicate  that  hydrazine  inhibition  of 
CaM  Kinase  II  could  modulate  the  effects  of  calcium  on  cytoskeletal  dynamics.  The  role  of 
these  effects  in  mediating  some  of  the  chronic  toxic  effects  of  hydrazine  on  peripheral  nerves 
and  the  nervous  system  must  be  considered.  This  could  be  a  physiological  mechanism  by 
which  hydrazine  may  effect  cytoskeleta!  structure  and  neurofunction. 


I  Kk'i  :  i  *  *  a  a  Kf  u  j  j ;  n 33 gram  m  m  i  1x4 


We  studied  the  effects  of  numerous  anticonvulsant  and  convulsant  drugs  on  the  inhibitory 
effects  of  hydrazine  on  CaM  Kinase  II.  We  did  not  find  any  drugs  that  clearly  blocked  the 
hydrazine  inhibition  of  CaM  Kinase  II.  W'e  concluded  from  this  that  CaM  Kinase  II  is  probably 
directly  interacting  with  the  enzyme  and  inhibiting  kinase  activity.  This  kinase  inhibition 
could  not  be  overcome  with  ATP  or  increasing  calmodulin  concentrations.  This  suggested  that 
hydrazine  is  not  competing  for  the  ATP  or  calmodulin  binding  site  of  the  enzyme.  Further 
studies  are  needed,  however,  to  look  at  drugs  that  could  block  the  hydrazine  effect  without 


causing  toxic  effects  in  man.  Further  study  of  these  agents  are  currently  being  investigated. 
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Figure  J_.  Ca  1  modu  1 1  n- bi nd  1  ng  proteins  In  microtubule  protein 
preparations  and  purified  ca  leiodul  in- de  perT'den  t  kinase.  A. 
Autoradiographs  [  1 251  ]-calmodulln  in  microtubule  preparations  in 
one-dimensional  SDS-PACE  (1-D)  and  two-dimensional  gels.  Both 
show  the  presence  of  two  ca lrnodul 1 n- bi nd i ng  proteins  with 
approximate  molecular  weights  of  52,000  and  63,000  daltons,  both 
with  isoelectric  points  near  neutrality.  All  detectable 
calmodulin-binding  was  abolished  in  the  presence  of  2  mM  ECTA. 

B*  Calmodulin-binding  subunits  of  purified  calmodulin-dependent 
klnaae  visualised  in  one-dimensional  and  two-diaenalonal  gels 
show  two  subunits  of  52,000  (  f*  )  and  63,000  (  tT)  daltons,  both 
with  isoelectric  points  near  neutrality.  Comigration  analysis 
illustrated  in  C  revealed  that  the  calmodulin-binding  proteins  in 
microtubule  preparations  demonstrated  Identical  migration  on  one* 
dimensional  and  two-dimensional  gels  to  the  and  f  subunits  of 
purified  calmodulin  kinase.  One-dimensional  gels  were  over 
exposed  to  demonstrate  the  absence  of  other  detectable  bands. 
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Figure  2.  Calmodulin  affinity  chroma tocraphy  of  microtubule 
proteinT  Twice-cycled  microtubule  protein  (20  me)  *■»  loaded 
onto  calmodulin  affinity  renin.  The  column  was  then  sequentially 
eluted  with  equilibration  buffer  containing  500  mK  Rad,  and  then 
buffer  containing  2  mH  EGTA.  bias  than  2.5t  of  the  applied 
protein  eluted  with  the  chelator  fraction  which  contained  52,000 
and  63,000  dalton  calmodulin-binding  proteina  and  calmodulin- 
dependent  kinase  activity. 
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Figure  3*  Calmodulin-dependent  phosphorylation  In  microtubule 
preparations.  Lane  It  Coomaaale  blue  staining  pattern  of  thrice- 
cycled  microtubule  preparations  shoving  alpha  tubulin  (o(T),  beta 
tubulin  (£  T)  and  MAP-?  as  major  protein  staining  species. 
Microtubule  preparations  vere  phosphory la  ted  in  the  presence  of 
Mg?4  only  (Lane  2),  Me?4  and  Ca24  (Lane  3)  and  Mg 2*,  Ca 2*, 
calmodulin  (CaM;  Lane  4).  Lane  5  shows  Coomassle  blue  staining  i 
for  homogeneous  tubulin  prepared  by  phoaphocelluloae  1 

chromatography.  When  homogeneous  tubulin  vaa  phosphory la  ted 

in  the  presence  of  Mg?4  only  (Lane  6),  Mg?4  and  Ca?4  (Lane  7), 
and  Mg?4,  Ca24  and  calmodulin  (Lane  8)  no  phosphorylation  vaa 
observed. 
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Figure  4.  Resolution  of  calmodulin-dependent  phosphorylation  in 
Microtubule  preparations  in  two  dimensions.  A.  Resolution  of  , 
calmodulin-dependent  phosphorylsl ton  in  microtubule  preparations » 
displays  the  phosphorylation  of  alpha  tubulin  T ) ,  beta  tubulin 
(f  T)  and  NAP-?,  as  well  as  the  phosphorylation  of  two  protein 
(3»and  #"*)  with  molecular  weights  and  isoelectric  points  similar 
to  the  purified  calmodulin-dependent  kinase.  B.  Resolution  of 
the  autophosphorylated  subunits  of  purified  calmodulin-dependent 
kinase  in  two  dimensions  shows  the  typical  pattern  for  the  and 
subunits.  Comigration  analysis  Illustrated  in  C  revealed  that 
the  two  neutral  phosphoprotein  species  in  microtubule 
preparations  comigrated  with  the  ^  and  d"  subunits  of  purified 
klnaae.  The .  locations  of  alpha  and  beta  tubulin  and  RAP-?  are 
also  shown. 


Figure  5.  Tvo-dinenaional  tryptic  phoephopepti de  napping  of 
■icroiubule  phoaphoproteln  apota  comigrating  with  f  and  .  A. 
Phoaphopepti de  nap  for  the  autophoaphorylated  P  aubunit  of 
purified  calmodulin-dependent  kinase.  B.  Phoaphopeptlde  nap  for 
autophoaphorylated  6”  aubunit  of  purified  calnodulin  klnaae.  C. 
Phoaphopeptlde  nap  of  the  *>?. 000  dalton  neutral  phoaphoproteln  li 
microtubule  preparationa  (p*  in  Figure  4).  P.  Phoaphopeptlde  na) 
of  the  63»000  dalton  neutral  phoaphoproteln  in  microtubule 
preparationa  (<f*  in  Figure  4).  E.  Comigration  of  A  and  C 
revealed  indistinguishable  maps.  F.  Comigration  of  B  and  P 
reveal  indletlngulahable  nape. 
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FICURE  ^6.  Resolution  sf  the  500  mM  RsCl  elution  from  DEAE  cellulose 
on  Sephacryl  S-300  gel  chromatography  resin.  A.  The  500  mfl  NaCl 
elution  from  BEAE  reels  was  applied  to  Sephacryl  S-300  column  (1.6  X  , 
60  cm)  and  eluted  with  10  mM  Pipes,  pll  6.9,  0.1  mE  KgC12,  1  mM  2-  > 

mer  cap  toe  thanol ,  0.3  *>6  FKRF.  Elution  of  protein  was  monitored  at  280 
nm  (  «— *  ).  One  ml  fractions  were  collected  and  assayed  for 
endogenous  calmodulin  dependent  tubulin  kinase  activity  (•--#)  under 
standard  conditions.  Tubulin  kinase  activity  eluted  in  the  void 
volume  of  the  column.  B.  SDS-PACE  resolution  of  fractions  eluted  from 
Sephacryl  S-300.  Fractions  30,  3?  and  34  correspond  to  the  peak  of 
endogenous  tubulin  kinase  activity  and  demonstrated  alpha  end  beta 
tubulin  as  the  major  protein  components  with  s  few  minor  staining 
polypeptides.  The  majority  of  the  tubulin  and  other  proteins  eluted 
from  DF.AE  chromatographed  in  the  major  included  peaks  (Fractions  49 
through  76). 


I.Vf 


DeLorenzo,  R.  J. 
Page  21 


figure  7.  Antibody  decoration  of  microtubules  by  MAP-2  monoclonal 
antibodies  ( A , B )  and  polyclonal  TACK  antibody  (C-P).  Tha  antibody 
labelling  procadura  vaa  modified  from  P.J.  Roll,  J.A.  Hadrl, 

J.  Albert,  and  R .  Purthaayar  (J.  Call  Biol.  85t  597-616,  I960). 
Thrice  cycled  MT  preparatlena  vara  lightly  fixed  vlth  glutaraldahyda 
and  adaarbad  an  to  glow  discharged,  carbon  coated  grlda.  Each  grid 
vaa.  than  incubated  vlth  tha  apaclfic  antibody  ar  appropriate  eontrel 
antibody  eaaplea.  relieving  extensive  vaahlng,  the  antibody , bound 
te  the  grid  vaa  detected  vlth  eelleidal  gold  labelled  8TAPH-A .  The 
geld  particles  can  be  aeon  aa  blaok  data  en  the  photomicrographs. 
This  figure  is  presented  te  demonstrate  the  use  of  thla  technique  in 
studying  the  structural  association  ef  specific  proteins  vlth 
microtubules.  The  specific  MAP-?  monoclonal  (7B)  and  control  aera 
( 7 A )  demonstrate  the  specific  labelling  of  the  HT  sidearas  vlth 
HAP-2  antibody.  These  results  confirm  previous  observations. 

Figure  7C  presents  the  specific  labelling  with  TACK  antisera  to 
eompare  It  te  MAP-2  labelling.  TACK  antibodies  decorated  the 
eldearns  ef  the  MT  In  a  similar  pattern  to  the  HAP-2  antibody. 
Flgurej7D-F  presents  the  specificity  ef  the  TACK  antibody.  Control 
prelmmune  sera  (7E)  shewed  no  significant  labelling  In  comparison  to 
TACK  antibody  (7D).  MT  prepared  from  PC-tubulln  and  purified  HAP-2 
alae  did  not  decorate  with  TACK  anti-body  (7 F)».  These  MTe  did  not 
contain  TACK  by  biochemical  criteria  and  alae  did  not  decorate  with 
TACK  antibody.  Ve  will  employ  this  and  ether  EM  antibody  labelling 
procedures  to  determine  the  localisation  of  MAP-2,  TACK,Kand 
tubulin  an  MT  structures. 


DeLorenzo,  R.  J. 
Page  22 


■uuiu  iuviv  ww  wuvuiji  uiurwwuwwiiwfuiwwjiwww  uauvuv  lw\www  win  . 

DeLorenzo,  R.  J. 

Page  23 


PUBLICATIONS 


Larson,  R.E.,  Goldenring,.  J.R. ,  Vallano,  H.L.  and 
DeLorenzo,  R.J.  Identification  of  endogenous 
calmodulin-dependent  kinase  and  calaodulin  binding 
proteins  in  cold-stable  microtubule  preparations  from 
rat  brain.  J.  Neurochem.  44:  1566-1574,  1985. 

Chin,  J.H.,  and  Mashman,  W.E.,  and  DeLorenzo,  R.J. 
Novel  adenosine  receptors  in  rat  hippocampus: 
identification  and  characterization.  Life  Sci.  36: 
1751-1760,  1985. 

DeLorenzo,  R.J.,  Taft,:W.C.,  Johansen,  J.  and 
Kleinhaus,  A.L.  Regulation  of  voltage-sensitive  Ca2+ 
channels  by  uM  benzodiazepine  binding.  Trans.  Amer. 
Soc.  Neurochem.  16,  206,  1985. 

Goldenring,  J.R.,  Lasher,  R.S.,  Vallano,  H.L. ,  Ueda, 

T. ,  and  DeLorenzo,  R.J.  Association  of  synapsin  I 
with  neuronal  cytoskeletal  preparations.  gPC^ 

Neurosci .  Abstrs .  11,  644,  1985. 

Lasher,  R.S.,  Goldenring,  J.R.,  Vallano,  M.L.  and 
DeLorenzo,  R.J.  Immunocytochemical  evidence  for  the 
association  of  calcium/calmodulin-dependent  protein 
kinase  II  with  the  cytoskeleton.  Soc.  Neurosci. 

Abstrs .  11,  645,  1985. 

Sakakibara,  H.,  Alkon,  D.L. ,  Neary,  J.T.,  DeLorenzo, 

R.  and  Heldman,  E.  Ca2+-medicated  reduction  of  K 
currents  is  enhanced  by  injection  of  IP3  or  neuronal 
Ca  /calmodulin  kinase  type  II.  6,0? t  NeurPPCl* 

Abstrs .  11,  956,  1985. 

Taft,  W.C.,  Forman,  R.R.,  Alkon,  D.L. ,  and  DeLorenzo, 
R.J.  Benzodiazepines  reduce  voltage-gated  Ca 
conductance  in  Hermissenda  neurons.  IrsnP . -AlHOr .  SOPj. 
neurochem.  17,  250,  1986. 

Billingsley,  H.L.,  Velletri,  P.A.,  Lovenburg,  W., 

Kuhn,  D. ,  Goldenring,  J.R.,  and  DeLorenzo,  R.J.  Is 
Ca2+-calmodulin-dependent  protein  phosphorylation  in 
rat  brain  modulated  by  carboxymethylation.  J. 
Neurochem.  44:  1442-1450,  1985. 

Johansen,  J.,  Taft,  N.C.,  Yang,  J.,  Kleinhaus,  A.L. 
and  DeLorenzo,  R.J.  Inhibition  of  calcium  conductance 
in  identified  leech  neurons  by  benzodiazepines. 

Proc.  Natl.  Acad.  Sci.  USA  82:  3935-3939,  1985. 


DeLorenzo,  R.  J. 
Page  24 


Vallano,  M.L.,  Goldenring,  J.R.,  Buckholz,  T.M., 
Larson,  R.E.,  and  DeLorenzo,  R.J.  Separation  of 
endogenous  calmodulin-  and  cAMP-dependent  kinases 

m%;ic3r2M-»;«r».a5”tlo“-  £r2s-j,ati-  *cad- 6ci- 

Chin,  J.H.  and  DeLorenzo,  R.J.  Cobalt  ion  enhancement 
of  2 -chlorof ’’II)  adenosine  binding  to  a  novel  class  of 
adenosine  receptors  in  brain:  antagonism  by  calcium.  * 
grain. R«»  384:  361-38$,  1985. 

Vallano,  M.L. ,  Buckholz,  T.M.  and  DeLorenzo,  R.J. 
Phosphorylation  of  neurofilament  proteins  by 
endogenous  calcium/calmodulin-dependent  protein 
kinase.  Biochem.  Blophvs.  Res.  Commun.  130:  957-963, 
1985. 

Vallano,  M.L. ,  Goldenring,  J.R.,  Lasher,  R.S.  and 
DeLorenzo,  R.J.  Calcium/calmodui in-dependent  kinase 
\ii  and  cytoskeletal  function.  In  Microtubules  and 
Microtubule  Inhibitors.  M.  DeBrabander  and  J.  DeMey 
(eds.)  Elsevier  Science  Publishers,  Amersterdam,  pp. 
161-169,  1985. 

Vallano,  M.L. ,  Goldenring,  J.R.,  and  DeLorenzo,  R.J. 
Calcium  and  calmodulin-dependent  protein  kinase:  Role 
in  memory.  In  Neural  Mechanisms  of  Conditioning.  D. 
Alkon  and  C.D.  Woody  (eds.),  Plenum  Publishing  Corp., 
pp.  383-396,  1985. 

DeLorenzo,  R.J.  and  Dashefsky,  L.H.,  Anticonvul¬ 
sants:  in  Handbook  of  Neurochemistrv.  Abel  Lajtha 
(ed) ,  Vol.  9,  plenum  Press,  Mew  York  and  London, 
363-403,  1985. 

Goldenring,  J.R.,  Otis,  L.C.,  Yu,  R.K.  and  DeLorenzo, 
R.J.  Calcium/ganglioside-dependent  protein  kinase 
activity  in  rat  brain  membranes.  J.  Meurochem.  44: 
1229-1234,  1985. 

Goldenring,  J.R.,  Vallano,  M.L. ,  and  DeLorenzo,  R.J. 
Phosphorylation  of  microtubule-associated  protein  2 
at  distinct  sites  by  calmodulin-dependent  and 
cyclic-AMP-dependent  kinases.  J.  Meurochem.  45: 

900-905,  1985. 

DeLorenzo,  R.J.  and  Taft,  W.C.  Anticonvulsant 
receptors:  regulation  of  voltage-sensitive  Ca 
channels  and  other  neuronal  processes.  In 
Meurotransmltters.  Seizures _and  Epilepsy _II1,  G. 
Nistico,  P.L.  Morselli,  K.G.  Lloyd,  R.G.  Fariello,  J. 
Engel  (eds.)  Raven  Press,  New  York,  pp.  55-63,  1986. 


mnvmnvmvgvgnv 


'N 


wwimwiwuuiui 

DeLorenzo*  R.J. 

Page  25 


Kim,  J.Y.H.,  Goldenring,  J.R.,  DeLorenzo,  R.J.,  and 
Yu.  R.K.  Gangliosides  inhibit  phospholipid-sensitive 
Ca*+-dependent  kinase  phosphorylation  of  rat  myelin 
basic  proteins.  J.  Meuroscl.  Res.-  15i  159-166,  1986. 

DeLorenro,  R.J.,  Taft,  W.c.  and  Andrews,  W.T. 
Regulation  of  voltage-sensitive  calcium  channels  in, 
brain  by  micromolar  'affinity  benzodiazepine 

receptors,  in  Calcium,. _ Heurpnftl  r»n<?tjpn_pn<3 

Transmitter  Release.  B.  Katz  and  R.  Rahamimoff  (eds) 
Nartinus  Nijhoff,  Boston,  375-396,  1986. 

DeLorenzo,  R.J.  A  molecular  approach  to  the  calcium 
signal  in  brain:  relationship  to  synaptic  modulation 
and  seizure  discharge.  Advances. in  Neurology  44:  435 
464,  1986. 

Chin," J.H.  and  DeLorenzo,  R.J.  A  new  class  of 
adenosine  receptors  in  brain:  characterization  by  2- 
chloro-[3H] adenosine  binding.  Biochem.  Pharmacol.  35 
847-856,  1986. 

Goldenring,  J.R.  and  DeLorenzo,  R.J.  Phosphorylation 
of  MAP-2  at  distinct  sites  by  calmodulin-  and  cyclic 
AMP-dependent  kinases.  Ann.  N.Y.  Acad.  Sci.  466:  457* 
459,  1986. 

Vallano,  M.L. ,  Goldenring,  J.R.,  Lasher,  R.S.,  and 
DeLorenzo,  R.J.  Association  of  calmodulin-dependent 
kinase  with  cytoskeletal  preparations: 
phosphorylation  of  tubulin,  neurofilament,  and 
microtubule-associated  proteins.  Ann.  N.Y.  Acad. 

Sci. .  466:  357-374,  1986. 

Vallano,  M.L.  and  DeLorenzo,  R.J.  Separation  of 
microtubule-associated  cAMP  and  calmodulin-dependent 
kinases  that  phosphorylate  MAP-2.  Ann.  N.Y.  Acad. 

Sci.  466:  453-456,  1986. 


Goldenring,  J.R.,  Wasterlain,  C.G.,  Destreicher, 

A.B.,  deGraan,  P.N.E.,  Farber,  D.B.,  Glaser,  G.,  and 
DeLorenzo,  R.J.  Kindling  induces  a  long  lasting 
change  in  the  activity  of  a  hippocampal  membrane 
calmodulin-dependent  protein  kinase.  Brain  Res.  377: 
47-53,  1986. 

Goldenring,  J.R.,  Lasher,  R.S.,  Vallano,  M.L. ,  Ueda, 
T. ,  Naito,  S.  Sternberger,  H.H.,  Sternberger,  L.A., 
and  DeLorenzo,  R.J.  Association  of  synapsin  I  with 
neuronal  cytoskeleton:  identification  in  cytoskeletal 
preparations  in  vitro  and  immunocytochemical 
localization  in  brain  of  synapsin  1.  J.  Biol.  Chem. 
261:  8495-8504,  1986. 


